MicroRNAs (miRNAs) are small, noncoding RNAs that regulate gene expression in both plants and animals. miRNA genes have been implicated in a variety of important biological processes, including development, differentiation, apoptosis, fat metabolism, viral infection, and cancer. Similar to protein-coding messenger RNAs, miRNA expression varies between tissues and developmental states. To acquire a better understanding of global miRNA expression in tissues and cells, we have developed isolation, labeling, and array procedures to measure the relative abundance of all of the known human mature miRNAs. The method relies on rapid isolation of RNA species smaller than 40 nucleotides (nt), direct and homogenous enzymatic labeling of the mature miRNAs with amine modified ribonucleotides, and hybridization to antisense DNA oligonucleotide probes. A thorough performance study showed that this miRNA microarray system can detect subfemtomole amounts of individual miRNAs from <1 mg of total RNA, with 98% correlation between independent replicates. The system has been applied to compare the global miRNA expression profiles in 26 different normal human tissues. This comprehensive analysis identified miRNAs that are preferentially expressed in one or a few related tissues and revealed that human adult tissues have unique miRNA profiles. This implicates miRNAs as important components of tissue development and differentiation. Taken together, these results emphasize the immense potential of microarrays for sensitive and high-throughput analysis of miRNA expression in normal and disease states.
INTRODUCTION
MicroRNAs (miRNAs) are small (22-nucleotide) RNAs that are encoded in the genomes of animals, plants, and viruses Bartel and Chen 2004; Pfeffer et al. 2004) . The short, single-stranded RNAs are generated from longer primary miRNA transcripts (pri-miRNAs) by a stepwise process (Lee et al. 2002; Murchison and Hannon 2004) . The first step in miRNA biogenesis takes place in a multiprotein nuclear complex, termed the Microprocessor (Denli et al. 2004; Gregory et al. 2004 ). There, pri-miRNAs are cleaved by an RNase III family nuclease, Drosha, to generate precursor miRNAs (pre-miRNAs) (Lee et al. 2003; Zeng et al. 2004 ). The pre-miRNAs, which are predicted to form hairpins of 70-125 nt with a 2-nt 3 0 overhang, are exported to the cytoplasm by a RanGTP/exportin 5-dependent mechanism (Yi et al. 2003; Bohnsack et al. 2004; Lund et al. 2004; Zeng and Cullen 2004) . In the cytoplasm, premiRNAs are recognized and processed by a second RNase III-family enzyme called Dicer to generate 22-bp RNA duplexes with 2-nt 3 0 overhangs (Grishok et al. 2001; Hutvagner et al. 2001; Ketting et al. 2001; Zhang et al. 2004) . Mature miRNAs enter RISC (RNA-induced silencing complex), where one strand of the RNA duplex will guide RISC to induce endonucleolytic cleavage or translational repression of specific target messenger RNAs (Olsen and Ambros 1999; Llave et al. 2002; Zeng et al. 2002; Doench et al. 2003; Schwarz et al. 2003; Yekta et al. 2004) .
Biochemical and bioinformatics approaches have identified several hundred genes encoding miRNAs in plants, Caenorhabditis elegans, Drosophila, and mammals. As with protein-coding genes, a key to understanding how miRNAs are functioning is to determine when and where they are expressed. Northern blots are commonly used for miRNA analysis, and interesting developmental or tissue-specific miRNA expression patterns have been identified (LagosQuintana et al. 2002; Houbaviy et al. 2003; Lim et al. 2003; Sempere et al. 2004) . A variety of improvements or adaptation to existing technologies have also been tailored to small RNA detection. These include locked nucleic-acidmodified probes for Northern blot (Valoczi et al. 2004) , oligonucleotide filter macroarrays (Krichevsky et al. 2003; Sioud and Rosok 2004) , RNA oligonucleotide ligation followed by RT-PCR amplification (Grad et al. 2003) , fluorescence resonance energy transfer (Allawi et al. 2004 ), signal-amplifying ribozymes (Hartig et al. 2004) , primer extension (Zeng and Cullen 2003) , nuclease protection (Overhoff et al. 2004 ), or direct real-time PCR amplification for detection of precursor miRNAs (Schmittgen et al. 2004) . In addition, a number of microarray-based methods have recently been developed (Babak et al. 2004; Barad et al. 2004; Liu et al. 2004; Miska et al. 2004; Nelson et al. 2004; Sun et al. 2004 ; Thomson et al. 2004; Baskerville and Bartel 2005) .
Conceptually, microarrays offer an ideal method for highthroughput, multiplex miRNA gene expression analyses in tissues and cells. However, miRNAs present unique challenges that make them more difficult to analyze than mRNAs. The inherent small size of miRNAs provides very little sequence for appending label or for designing probes. Furthermore, miRNAs represent only a small fraction (0.01%) of the mass of a total RNA sample, making it important to label them with the highest specific activity possible. Finally, miRNAs exist in three forms, short mature miRNA, hairpin pre-miRNA, and long pri-miRNA (Lee et al. 2003 (Lee et al. , 2004 Cai et al. 2004; Rodriguez et al. 2004 ). Since only the mature miRNA is active, it is important to eliminate array signal from the pre-miRNAs and pri-miRNAs. These factors conspire to make it difficult to detect miRNAs using standard array procedures and are not completely addressed by the procedures that have thus far been developed for miRNA array analysis. To eliminate the potential bias associated with random labeling or priming (Babak et al. 2004; Liu et al. 2004; Sun et al. 2004 ), detection of pre-miRNA and pri-miRNA sequences (Babak et al. 2004; Liu et al. 2004; Nelson et al. 2004; Sun et al. 2004) , and PCR-based amplification or ligation strategies (Barad et al. 2004; Miska et al. 2004; Thomson et al. 2004; Baskerville and Bartel 2005) , we have developed a method allowing direct labeling and hybridization of the mature and active miRNAs. The microarray system was evaluated using both artificial and real samples to determine its sensitivity, dynamic range, accuracy, and reproducibility. Finally, we used the system to analyze 26 human tissue samples, which enabled classification of normal tissues based on their miRNA expression profiles.
RESULTS

Microarray strategy, design, and optimization
Labeling a total RNA sample or fractions enriched in small RNAs results in labeled mature and precursor miRNAs. Because very little is known about how mature and precursor miRNAs accumulate in cells and tissues, we chose to purify the active, mature miRNAs from samples so that we could exclude any artifacts that might be introduced in our array experiments by including the inactive precursors of the miRNAs. Routinely, purification of nucleic acid species by size requires separating the samples on electrophoretic gels, followed by localization of the samples on the gel, excision of the region of interest, and elution of the nucleic acid from the gel pieces. To minimize variability, and the time and effort required to isolate miRNAs from a total RNA sample, we developed a gel electrophoresis device that can recover mature miRNAs in <15 min without the need to excise and extract miRNAs from the gel matrix (see Materials and Methods). Efficient and reproducible miRNA recovery was demonstrated with 5 0 radiolabeled synthetic miRNA oligonucleotides spiked in total RNA samples, and by direct analysis of natural miRNAs isolated from different input amounts of total RNA (see Supplemental Fig. 1 ).
To maximize the label from each miRNA without jeopardizing its capacity to hybridize to probes on a planar array, we next developed a tailing/labeling procedure. After evaluation of different template-independent polymerases and optimization of various reaction parameters, such as buffer composition, incubation time, enzyme and nucleotide type, or relative reagents concentration, we found that polynucleotide tails 20-50 nt long can reproducibly be appended to the 3 0 ends of all miRNAs by the poly(A) polymerase (PAP) enzyme (data not shown). The 3 0 tail is a mixture of standard and amine-modified nucleotides, and tailed miRNAs can subsequently be labeled with any mono-reactive NHS-ester dyes, such as Cy3 and Cy5 (Fig. 1) . Using an optimized set of reaction conditions and ratio of modified to unmodified nucleotides improve tailing efficiency and reproducibility and reduce the fluorescence quenching that occurs when dye molecules are located on adjacent or nearby nucleotides (data not shown).
To optimize the miRNA probe design, fluorescently labeled miRNAs from human thymus, lung, and brain were hybridized to series of immobilized oligonucleotide probes with regions complementary to eight different miRNAs and various 5 0 and 3 0 linker lengths and sequences connecting to the attachment moiety. A matrix of hybridization and washing time, temperature, and buffer compositions was used to identify the probe design and protocol that (1) maximized signal without creating significant signal from negative control elements spotted on the same microarrays and (2) provided relative miRNA abundance data congruent to Northern blot data (data not shown). This optimal probe design and array protocol ( Fig. 1 ; see also Materials and Methods) was used for all subsequent studies.
Microarray performances
The overall performance of this new microarray system was evaluated by measuring several key parameters such as consistency, accuracy/precision, sensitivity/limit of detection, and robustness/reproducibility. First, we compared two miRNA populations independently purified from the same tissue and labeled either with Cy5 or Cy3 (self vs. self analysis). Analysis of the mean signal in each channel showed equivalent labeling between both dyes (R 2 = 0.992) and consistency of the intensities (99.6% correlation) ( Fig. 2A) . Although microarrays are generally used to measure relative expression levels based on a given reference, we next wanted to determine how quantitative the miRNA microarray system was. Two artificial populations of 17 synthetic miRNAs mixed at different ratios were created, labeled with Cy5 or Cy3, and hybridized on the same array in triplicate (Fig. 2B) . The Log 2 (Normalized Ratio) was measured for each miRNA feature and was used to calculate the relative representation of each miRNA in the two populations. The correlation between the theoretical and measured values was 84%. The average difference between the theoretical and measured values was 3.5% with a maximum of 15%, indicating that the microarray system can accurately report variations greater than 20%.
We next determined the sensitivity of the array system by spiking various amounts of a synthetic miRNA into a sample that lacked this miRNA. Previous reports indicate that miR-124 is specific to brain tissue (Lagos-Quintana et al. 2002) . Thus, 0.14-140 fmol of synthetic miR-124 were spiked in a miRNA fraction purified from human liver (labeled with Cy5), and these samples were compared to the normal liver miRNA population (labeled with Cy3). Analysis of the mean intensities and the Log 2 (Normalized Ratio) of the miR-124 signal indicated that 0.42 fmol of miR-124 provides signal that is 5.8-fold above the normal liver signal, and that even 0.14 fmol of miR-124 provides signal that can be clearly distinguished from the background signal (Table 1 ). This level of sensitivity allows detection of miRNAs that represent as little as 0.1% of the overall miRNA population in a 10-mg total RNA sample.
To test the robustness and reproducibility of the system, miRNA expression profiles in human colon and prostate were compared in six independent array experiments. The Log 2 (Normalized Ratio) of each miRNA feature is shown in Figure 3A , and specific examples of miRNA overexpressed in prostate (let-7A, let-7C), overexpressed in colon (miR-200B) or with no significant variation (miR-16) are shown in Figure  3B . The average correlation between the six independent experiments was 98%, with a standard deviation smaller than 0.3 for individual miRNA, indicating that the miRNA microarray process is highly reproducible.
Microarray validation
As miRNAs represent only a minuscule fraction (0.01%) of the mass of a total RNA sample, we next asked whether the differential miRNA expression levels reported by our microarray system precisely reflected the miRNA populations present in the starting total RNA samples. To test both the gel purification and the PAP labeling steps, we first isolated total RNA from human bladder, lung, or uterus and used these samples to determine miRNA expression levels either by microarray analysis after gel purification of the miRNA fraction (162 miRNAs), or directly in the total RNA samples by two independent methods: hybridization in solution (RNase protection assay, 3 miRNAs) and hybridization on solid support (Northern blot, 5 miRNAs). Analysis of the relative differential miRNA expression by tissue pairs showed a good correlation between the three independent detection methods (Fig. 4) , indicating that the gel fractionation method uniformly captures miRNAs. Further, the experiment validates the accuracy of the array system in detecting both large (e.g., miR-21 and -143) and small variations of miRNA expression (e.g., miR-15A, -16, -20, -101, and -191) . 0 -end labeled with poly(A) polymerase, amine-modified nucleotides, and amine-reactive dyes. The fluorescently labeled miRNAs are hybridized to a glass slide on which miRNA-specific DNA oligonucleotide probes have been arrayed. Microarrays are processed and analyzed using standard equipment, scanner, and software. A representative result from a scanned microarray is shown in B.
www.rnajournal.org 1463 microRNA expression profiling To determine whether the gel purification step provides any benefit, we compared the expression profiles obtained from gel-purified miRNA fractions and from fractions merely enriched in RNA smaller than 200 nt. The later fractions contain mostly small structural RNAs and transfer RNAs, and miRNAs represent only 0.1% of the sample mass. Both types of fraction were prepared from 10, 5, or 1 mg of total RNA isolated from human bladder or lung. The miRNA fraction gel purified from 10 mg total RNA, where the accuracy of miRNA expression levels was confirmed by independent detection methods (see Fig. 4 ; data not shown), was used as the reference sample. Hierarchical clustering analysis revealed that enriched fractions produced slightly different profiles and were less and less accurate as the sample input was reduced (Fig. 5A ). These variations were accompanied by a strong reduction of the overall fluorescent signal on the array, even at the highest sample input (Fig. 5B) . Further analysis showed a very poor correlation between the different inputs of enriched samples, and this loss of correlation was mainly attributed to the lowintensity signals (Fig. 5C, top) . In contrast, gel-purified miRNAs from 5 and 1 mg of total RNA resulted in 94% and 70% correlation relative to the reference 10-mg sample for both high-and low-abundance miRNAs (Fig. 5C, bottom) . Thus, miRNA labeling and profiling in a complex nucleic acid mixture is practical, but removing longer, unrelated RNA species by a gel purification process results in more accurate profiles and enables analysis at lower sample input.
miRNA expression in human normal tissues
Differential expression of specific miRNAs has been reported in several publications, suggesting a function for miRNA in development and differentiation of adult tissues. To gain a better understanding of the global function of miRNA in adult tissue homeostasis, we analyzed the expression profiles of 162 known human miRNAs in 26 different tissues. The miRNA population from each tissue was compared to a reference sample consisting of a pool of each total RNA sample mixed in equal amount. After gel fractionation, labeling, and hybridization to custom glass slide arrays, the Log 2 (Normalized Ratio) was determined for each miRNA (see Supplemental  Table 1 ), and the tissue and miRNA profiles were sorted based on miRNA expression levels across all tissues using hierarchical clustering (Fig. 6 ). As expected, individual miRNAs are present at higher (red), lower (green), or similar (black) levels in different tissues relative to the pool sample, which represents the average expression level of each miRNA in the global miRNA population from the 26 tissues.
Interestingly, there is a subset of miRNAs that are expressed at much higher levels in one or two tissues than they are in the rest of the tissues assayed. Among these are a handful that had been previously reported to be tissue specific (e.g., miR-1, -9, -122A, and -124) as well as more than 40 other miRNAs with a strong enrichment in restricted tissues (e.g., miR-99A, -134, -181A, and -205; see also Supplemental Table 1 ). In contrast, only a few miRNAs, such as miR-30A, -33, -93, or -140, are expressed at roughly the same level in all adult tissues. Hierarchical clustering of the tissues based on their respective miRNA profiles also revealed that miRNA expression is similar between related tissues and distinct between unrelated tissues. For example, heart and skeletal muscle profiles are very similar, and the digestive tract tissues or the reproduc-FIGURE 2. miRNA microarray accuracy and precision. (A) Self versus self analysis. A human thymus total RNA sample (20 mg) was split in half and miRNAs were independently gel purified, labeled either with Cy3 or Cy5 dyes, and hybridized to the same array carrying 162 miRNA-specific probes. The graph shows the mean signal intensities at 532 nm (Cy3) and 635 nm (Cy5) for each miRNA probe. (B) Analysis of artificial samples. Chemically synthesized RNA oligonucleotides corresponding to 17 different mature miRNA sequences were mixed as indicated (amounts are in picograms) to create two artificial miRNA populations. Each sample was labeled with Cy3 or Cy5 and hybridized to the same array. The measured percentage was calculated from the normalized Cy3/Cy5 or Cy5/Cy3 ratio from triplicate array analyses. tive organ tissues cluster together. Strikingly, the brain miRNA profile is clearly distinct from all the other tissues analyzed.
To validate the profiling data, new total RNA samples were isolated from 10 randomly selected tissues and miRNA expression levels were analyzed by independent detection methods. Both Northern blot (let-7C) and hybridization in solution (miR-200B) confirmed differential expression of individual miRNAs across tissues as well as differences in relative miRNA abundance within the same tissue (Fig. 7) . miR-200B could not be detected in adrenal gland, skeletal muscle, and spleen. Tissues such as kidney, prostate, or thymus all have high expression levels of let-7C and miR-200B, while liver poorly expresses these two miRNAs. Colon has higher expression levels of miR-200B but lower levels of let-7C relative to prostate. The same result was obtained by direct comparison between these two tissues (see Fig. 3B ). Differential miRNA expression across tissues was also confirmed by pair analysis of bladder, lung, and uterus samples (see Fig. 4 ) or by testing other miRNAs, either broadly expressed across tissues (e.g., miR-16 and -22) or tissue specific (e.g., miR-124) (see Supplemental   Fig. 2) . Collectively, these data show that the miRNA microarray system described here is a powerful and robust tool for high-throughput study of miRNA expression levels and comparative analysis of miRNA expression profiles.
DISCUSSION
Given their apparent importance in regulating gene expression, miRNAs offer a very interesting bio-molecule for life science research. A key to understanding how miRNAs are functioning in organisms is to know where and when they are expressed. To facilitate miRNA expression studies, we have adapted microarray instrumentation and protocols to analyze all of the known human miRNAs. The procedure incorporates miRNA purification, miRNA labeling through a poly-nucleotide tail appended to each miRNA, hybridization of the labeled miRNAs to a glass microarray, and microarray analysis using standard scanners and available software. The miRNA microarray system can detect subfemtomole amounts of miRNA, making it possible to detect even relatively rare miRNAs. The system provides high reproducibility (98% average correlation) and is reasonably quantitative, providing a great deal of confidence in the array results. Both Northern blot analysis and solution hybridization methods were used to validate relative miRNA expression levels within the same sample and across human tissues. FIGURE 3. miRNA microarray reproducibility. Total RNA was isolated from a single human prostate sample and a single human colon sample. Each total RNA sample was split into six independent samples (10 mg each). miRNAs in each sample were independently fractionated and labeled. Each of the six Cy5-labeled prostate miRNA samples was mixed with a Cy3-labeled colon sample and the six prostate/colon pairs were combined and hybridized to six arrays. (A) Distribution of average LogRatio. LogRatio and standard deviation for each of the 162 miRNAspecific probes on the array are shown. The average standard deviation of LogRatio across replicates was 0.15 and the average correlation between the replicates was 98%, ranging from 96.7% to 99.8%. (B) Examples of LogRatio and corresponding absolute fold change for let-7A, let-7C, miR-16, and miR-200B miRNAs. Red illustrates higher expression in prostate, while green depicts higher expression in colon. LogRatio = Log 2 (normalized ratio prostate/colon signal).
FIGURE 4.
Comparison between miRNA microarray data and other detection methods. Total RNA was isolated from human bladder, lung, or uterus. miRNA populations in 10 mg of each sample were independently fractionated, labeled, and compared by pairs on two separate arrays (162 probes). In parallel, the same total RNA samples were analyzed by solution hybridization (miR-16, -21, and -143, 1 mg total RNA) or Northern blot (miR-15A, -16, -20, -101, and -191 , 5 mg total RNA) using 5 0 -end-labeled RNA probes. The graph shows the calculated absolute fold changes between bladder and uterus (top graph) or uterus and lung (bottom graph) deduced from microarray data analysis (Array) and Northern blot (Northern) or solution hybridization (SH) after quantitation by PhosphorImager.
www.rnajournal.org 1465 microRNA expression profiling Most existing array-based miRNA profiling technologies use total RNA or fractions enriched in small RNA by microfiltration or reversed-phase matrices. These procedures then rely on random priming, PCR, or ligation for a labeling step prior to hybridization to immobilized probes. A key improvement in our system was to develop a rapid electrophoretic gel fractionation method that removes the large excess of unrelated RNA species and precursor miRNA sequences that can interfere with the array performance. This purification step corresponds to an enrichment by 10,000-fold without affecting the relative miRNA abundance in individual samples (Fig. 4) . The resulting fraction is ideal for efficient array labeling as well as other applications, such as cloning or enzymatic amplification (data not shown). A second improvement was to develop a method for homogenous labeling of the miRNA fraction with the highest specific activity without jeopardizing its capacity to hybridize to specific probes on a planar array. Direct enzymatic tailing with PAP and amine-modified NTP results in a homogenous tailed miRNA population that can subsequently be labeled either directly with any amine-reactive molecules, e.g., Cy or Alexa dyes, or indirectly using NHSbiotin and streptavidin coupled to fluorescent moieties (data not shown). Further, the labeled miRNA fraction is compatible with microarrays created using different immobilization chemistries, such as aldehyde, epoxy, poly-Llysine or three-dimensional matrices glass slides (data not shown). Northern blot, solution hybridization, and microarray experiments clearly demonstrate that the combination of these two improvements does not introduce any bias in the profiling analysis, faithfully conserves miRNA representation, and allows accurate profiling at lower sample input (Figs. 4, 5, 7) .
The miRNA microarray system was used to analyze a variety of different human adult tissues. We found that miRNA expression varies dramatically between tissues. Differential miRNA expression across tissues was also confirmed by direct comparison between two tissues and by independent detection methods (Figs. 3B, 4, 7) . In contrast, miRNA profiles of identical tissues from multiple donors are very similar (data not shown). Furthermore, most miRNA genes likely to be processed from the same polycistronic primary transcripts have highly correlated expression patterns. As previously reported (Baskerville and Bartel 2005) , correlation coefficients for pairs of miRNA genes such as miR-24 and -27a, miR-15a and -16, or miR-1 and -133 are between 0.74 and 0.91, indicating that miRNA expression is tightly regulated within individual tissues.
The miRNA expression profiles from different tissues revealed more than 50 miRNAs that are expressed primarily in one or a few related tissues (see Supplemental Table 1 ). Among these tissue-specific miRNAs was a set that had been previously reported in mouse and/or human: miR-1 in heart and muscle, miR-9, -124, -125, and -128 in brain, miR-122A in liver, miR-133A and -206 in muscle, miR-142 and -150 in spleen, or miR-148 in liver and stomach (LagosQuintana et al. 2002; Krichevsky et al. 2003; Babak et al. 2004; Sempere et al. 2004; Baskerville and Bartel 2005) . In addition, miRNA expression profiles in several of the tissues assayed here had not been previously reported. The depth of our study (162 miRNAs, 26 tissues) allowed us to complete the human miRNA expression map and to identify new miRNAs with unexpected expression patterns. For Comparison between enriched and gel purified miRNA fractions. One, 5, or 10 mg of total RNA from human bladder or lung were used to gel purify miRNAs (GP1, GP5, GP10) or to prepare fractions enriched in small RNA (E1, E5, E10). RNA species in the six lung fractions were labeled with Cy3 and compared with the six Cy5-labeled bladder fractions on six separate arrays (162 probes). (A) miRNA profiles were sorted based on miRNA expression levels across all sample types using hierarchical clustering. Only a few representative examples are shown. Red illustrates higher expression in bladder, green depicts higher expression in lung, and gray represents microarray data that did not pass quality filters (see Materials and Methods). (B) The sum of Cy3 and Cy5 signal intensities for each spot that passed quality filters on the six independent arrays was averaged and plotted for each sample type. The overall intensity signal for the enriched samples was 35%-60% lower than for the gel-purified samples. (C) Correlation of miRNA expression levels, i.e., Log 2 (normalized ratio bladder/uterus signal), in fractions prepared from 5 or 1 mg of total RNA relative to the 10 mg samples, were calculated for all the spots that passed quality filters (Basic Filters) or only for the spots that had a sum of Cy3 and Cy5 signal intensities superior to 4500 quanta (Sum Int. > 4500). The correlation between enriched fractions (top panel) was better for the high-intensity spots, showing that loss of sensitivity strongly accounts for the loss of accuracy observed with the E5 and E1 fractions.
example, we found that miR-125 is in fact more expressed in cervix, ovary, and uterus than in brain, miR-142 and -150 are not only expressed in spleen but are also very abundant in lymph node, ovary or, thymus, and miR-148 was detected in pancreas and ovary in addition to liver and stomach. miR-181A was found highly expressed in brain, placenta, spleen, and thymus, while miR-205 was identified in breast, prostate, and thymus. About 20 miRNAs, such as miR-126-AS, -143, -145, -189, or -321, were found highly expressed in one or several tissues from the digestive tract cluster. Strikingly, the tissues that showed the highest restricted enrichment in individual miRNAs are brain and the cervix/uterus/ovary cluster. This observation suggests that specific miRNAs might play a critical role in brain and female reproductive system development and/or homeostasis.
Hierarchical clustering of the tissues based on their respective miRNA profiles showed that tissues are characterized by unique miRNA expression profiles. Together with the tissue specificity of several miRNAs, this observation is consistent with the concept that miRNAs are important components of tissue development, differentiation, and maintenance of differentiation in adults. Interestingly, related tissues had similar miRNA profiles, as would be predicted for global regulators of tissue differentiation. One tantalizing hypothesis is that miRNAs might directly regulate the expression levels of many of the genes that distinguish these different adult tissues or clusters of adult tissues.
Categorizing miRNAs based on their coregulation or identifying miRNAs that are differentially expressed between different tissues or cell samples will undoubtedly identify interesting miRNAs that deserve closer scrutiny. Further questions are whether these miRNA signatures are affected in disease states and, if so, at what stage. A direct comparison between a large panel of human tumors and their corresponding normal adjacent tissues revealed several miRNAs that might directly contribute to oncogenesis (K. Keiger, J. Shelton, D. Brown, E. Labourier, in prep.) . This approach, combined with genetic studies in C. elegans and functional studies in human cultured cells, recently helped identify let-7 miRNA as a regulator of RAS oncogene expression and as a potential tumor suppressor disrupted in lung tumors (Johnson et al. 2005) . Further, our microarray technology enables accurate miRNA expression profiling in fixed tissues (P. Powers, R. Conrad, K. Keiger, J. Shelton, D. Brown, E. Labourier, in prep.), providing access to a vast amount of information from archived clinical samples. If miRNAs are indeed involved in oncogenesis, inflammatory response, or viral infection, comparative miRNA expression studies in disease samples will certainly reveal novel therapeutic targets and diagnostic markers. FIGURE 6. miRNA expression profiles across 26 human normal tissues. miRNAs from 10 mg of the indicated total RNA samples were gel purified, labeled with Cy5, and compared on 26 independent microarrays against Cy3-labeled miRNAs isolated from 10 mg of the same reference pool sample. Hierarchical clustering of the tissues based on their respective miRNA profiles was performed by Average Linkage using uncentered Pearson correlation and Log 2 (normalized ratio tissue/pool signal). Only miRNAs with a differential expression greater than twofold (|LogRatio| > 1) relative to the pool in at least one tissue are shown (78 out of 162 miRNAs, see Supplemental Table 1 at http://www.ambion.com/techlib/data/RNA05b.pdf for all miRNAs). Red illustrates higher expression in a given tissue, green corresponds to higher expression in the pool, and gray represents microarray data that did not pass quality filters (see Materials and Methods). A magnification of the dendrogram is presented on the right. Brain and tissues with miRNA profiles clustering together are boxed. 
MATERIALS AND METHODS
Microarray platform
DNA oligonucleotide probes from the mirVana miRNA Probe Set (Ambion) were used to print custom microarrays. Each probe was designed using the sequence of its respective mature miRNA according to the miRNA Registry (Griffiths-Jones 2004) and was analyzed for potential secondary structure and cross hybridization. Negative control probes were designed using sequences from Escherichia coli, and each was functionally validated to have minimal cross-hybridization to a collection of chemically synthesized miRNAs as well as a series of tissue-derived miRNAs. Each probe carries a 15-nt linker at the 3 0 end of the miRNA complement sequence in addition to an amine group used to couple the probes to coated glass slides. Probes were resuspended in 33 SSC at 50 mM and spotted on Nexterion Slide E (Schott) at 55% humidity with the ArrayIt SpotBot (Telechem). Each feature was spotted using SMP4 Stealth pins with a spot diameter of 100 mm. The slides were rehydrated by incubation at room temperature in a humidity chamber for 30 min followed by a 30-min incubation at 60 C to dry. The slides were blocked in a solution containing 100 mM ethanolamine, 1 M Tris (pH 9.0), and 0.1% SDS for 15 min at 50 C, then thoroughly rinsed with water and spun dry.
RNA preparation
Total RNA isolation and small RNA enrichment procedure were performed with the mirVana miRNA Isolation Kit (Ambion) according to the manufacturer's instructions. For miRNA expression profiling in normal human tissues, miRNA certified FirstChoice Total RNA (Ambion) were used. To isolate miRNA fractions, total RNA samples were fractionated and cleaned up with the flashPAGE Fractionator and reagents (Ambion) per the manufacturer's recommendation. Briefly, 1-20 mg of each RNA sample were loaded onto the top of a column filled with a denaturing acrylamide gel matrix and fractionated by applying an electrical current. A dye was loaded with the total RNA sample to track RNAs that are 40 nt in size. Electrophoresis was stopped when the dye reached the bottom of the column, and miRNAs were recovered from the bottom buffer chamber using a glass fiber filter-based cleaning procedure (flashPAGE Reaction Cleanup Kit, Ambion). Approximately 1 ng of miRNA was recovered per 10 mg of total RNA.
miRNA labeling and cleanup
Chemically synthesized oligoribonucleotides (Ambion), purified miRNAs, or fractions enriched in small RNAs were labeled with the mirVana miRNA Labeling Kit (Ambion) and amine-reactive dyes as recommended by the manufacturer. Poly(A) polymerase and a mixture of unmodified and amine-modified nucleotides were first used to append a poly-nucleotide tail to the 3 0 end of each miRNA. The amine-modified miRNAs were then cleaned up and coupled to NHS-ester modified Cy5 or Cy3 dyes (Amersham Bioscience). Unincorporated dyes were removed with a second glass fiber filter-based cleaning procedure.
Microarray hybridization and data analysis
A 33 miRNA Hybridization Buffer (Ambion) was added to the fluorescently labeled miRNAs and the solution was heated at 95 C for 3 min. Slides were hybridized 12-16 h at 42 C in sealed cassettes using a water bath. Following hybridization, the slides were washed and dried prior to a high-resolution scan on a GenePix 4000B Array Scanner (Axon). Each element was located and analyzed using the GenePix Pro 5.0 software package (Axon). Data were filtered for quality and significance using the Longhorn Array Database (Killion et al. 2003) . Filters were based on several data quality standards, including minimum intensity and pixel consistency. All data used for analysis had a signal-to-noise ratio >5, an average sum intensity 50% higher than that of the negative control spots, and a regression ratio >0.5. Data were normalized globally per array such that the average LogRatio was 0 after normalization. Hierarchical clustering was performed by Average Linkage using uncentered Pearson correlation (Eisen et al. 1998) .
Microarray data validation
miRNA expression levels in total RNA samples were measured by Northern blot (2-5 mg) or solution hybridization (1 mg) with the mirVana miRNA Detection Kit (Ambion) according to the manufacturer's instructions. DNA or RNA probes were labeled and purified with the mirVana Probe & Marker Kit (Ambion) and [g-32 P]ATP at 6000 Ci/mmol (PerkinElmer). For Northern analyses, RNA samples were resolved on denaturing 15% polyacrylamide gels and electroblotted on BrightStar-Plus Nylon membranes (Ambion).
FIGURE 7.
Validation of miRNA expression data. Total RNA was isolated from the 10 indicated tissues, independent from the ones used in the microarray profiling study (Fig. 6 ). Expression levels of let-7C and miR-200B were analyzed by Northern blot (2 mg total RNA) or solution hybridization (1 mg total RNA). As a loading control, 5S and 5.8S ribosomal RNAs were also analyzed by Northern blot. The graphs under each autoradiograph show miRNA expression levels relative to the pool signal according to the microarray data (see Supplemental Table 1 at http://www.ambion.com/techlib/data/RNA05b.pdf). The value 1 corresponds to the average expression level of the corresponding miRNA in the pool sample, i.e., Log 2 (normalized ratio tissue/pool signal) = 0.
